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The proess of stimulated Raman adiabati passage (STIRAP) provides a possible route for
the generation of a oherent moleular Bose-Einstein ondensate (BEC) from an atomi BEC. We
analyze this proess in a three-dimensional mean-eld theory, inluding atom-atom interations and
non-resonant intermediate levels. We nd that the proess is feasible, but at larger Rabi frequenies
than antiipated from a rude single-mode lossless analysis, due to two-photon dephasing aused by
the atomi interations. We then identify optimal strategies in STIRAP allowing one to maintain
high onversion eienies with smaller Rabi frequenies and under experimentally less demanding
onditions.
PACS numbers: 03.75.Fi, 05.30.Jp, 03.65.Ge.
I. INTRODUCTION
Coherent onversion of an atomi to a moleular Bose-
Einstein ondensate (BEC) is a rst step towards `su-
perhemistry' [1℄, whih is the stimulated emission of
moleules in a hemial reation. A number of studies
of this [2, 3, 4℄ have shown that diret onversion via
Raman photoassoiation [5℄ appears feasible, based on
stimulated free-bound and bound-bound transitions in
the presene of two laser elds of dierent frequenies [6℄.
Here pairs of atoms from the two-atom ontinuum of the
ground eletroni potential are transferred  via an ex-
ited bound moleular state  to a bound moleular state
of a lower energy in the ground potential. Raman pho-
toassoiation allows oupling to a single moleular state,
whih an be seleted by the Raman laser frequenies.
Pratial estimates using available lasers and transitions
indiate that oherent transfer may be limited by sponta-
neous emission from the intermediate moleular exited
eletroni state. Another mehanism that an result in
oupled atomi-moleular BEC systems [7℄ is based on
Feshbah resonanes [8℄. However, realisti analysis and
experimental implementations [9℄ indiate that the loss
proesses due to inelasti atom-moleule ollisions our
at a signiant rate.
A possible route towards minimizing losses and deo-
herene from spontaneous emission in photoassoiation is
stimulated Raman adiabati passage (STIRAP) [10℄, in
whih a ounter-intuitive pulse sequene is used, where
the rst input pulse ouples the moleular levels - even
when there are no moleules present. In this situation, a
dark superposition state is formed, due to interferene ef-
fets between the atomi and moleular eletroni ground
states. This minimizes the probability of a real transi-
tion to the moleular exited state, and hene redues
spontaneous emission. Previous analyses of this problem
have not taken into aount losses, ollisions, or the full
three-dimensional struture of the two Bose ondensates
in a trap.
In this paper, we provide an analysis whih is rele-
vant in a physially appropriate model that does inlude
the known physis of spontaneous emission losses, s-wave
sattering proesses and spatial diusion of the onden-
sates. The result is that the STIRAP proess appears
feasible at high laser pulse intensities, provided the Rabi
frequeny is muh greater than the two-photon detuning
due to mean-eld interations. We give a detailed numer-
ial alulation based on both homogeneous and inhomo-
geneous three-dimensional mean-eld (Gross-Pitaevskii
type) theories, inluding ouplings to non-resonant inter-
mediate levels, and show how the results sale with the
two-photon detuning, pulse duration and Raman pulse
intensities. An optimal situation is found by onsidering
an o-resonane operation and dierent eetive Rabi
frequenies in the two Raman hannels. We show that
these strategies an greatly enhane the onversion e-
ieny for given laser intensities, thus making the exper-
imental requirements muh more feasible.
II. COUPLED GROSS-PITAEVSKII
EQUATIONS FOR STIRAP
We start by onsidering the theory of oherently in-
terating atomi and moleular ondensates needed to
desribe this proess [1, 3℄, and assume a spei ou-
pling mehanism based on stimulated free-bound Raman
transitions [6℄, in whih two atoms of energy E1 ollide
to from a moleule of energy E2 , with an exited mole-
ular state forming as an intermediate step. The Raman
oupling is indued by two laser elds of frequenies ω1
and ω2, and beomes resonant when the Raman detun-
ing δ = (2E1 − E2)/~ − (ω2 − ω1) goes to zero. This
allows oupling to a single moleular state, whih an be
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Figure 1: Diagrammati representation of the free-bound and
bound-bound transitions in STIRAP.
seleted by the Raman laser frequenies.
We derive the atom-moleule oupling for a simplied
model of the two-body interation [1, 11℄, in whih the
atoms interat in their eletroni ground state through
a single Born-Oppenheimer potential Vg(R). Moleules
are formed in a single bound vibrational state of energy
E2 with radial wave funtion u2(R). Two free atoms
with zero relative kineti energy have a total energy 2E1,
and a relative radial wave funtion u1(R), normalized
so that asymptotially u1 ∝ (1 − a1/R). We assume
that the laser eld has two frequeny omponents, with
E = Re
∑[
E
(i) exp(iωit)
]
, i = 1, 2. Eah ouples the
ground eletroni state to a single eletronially exited
state desribed by a potential Ve(R), with `bare' ele-
troni Rabi frequenies Ω
(el)
i (R) = d3i(R)·E(i)/~ , where
d3i(R) is the moleular eletri dipole matrix element
with a nulear separation of R. The exited state has
vibrational levels |v′〉 with energies Ev′ and radial wave
funtions uv′(R). All bound levels are normalized so that∫
d3R|uv′ |2 =
∫
d3R|u2|2 = 1.
We onsider the ase of near resonant transitions 1→
v′ → 2 and denote the resonant exited vibrational level
v′ via index 3 (see Fig. 1). The usual quantum eld
theory Hamiltonian [12℄ for noninterating atomi (i = 1)
and moleular (i = 2, 3) speies, in well-dened internal
states desribed by annihilation operators Ψˆi, is given
by:
Hˆ(0) =
∫
d3x
3∑
i=1
[
~
2
2mi
|∇Ψˆi(x)|2 + Vi(x)Ψˆ†i (x)Ψˆi(x)
]
.
(1)
Here mi (i = 1, 2, 3) are the masses, m2,3 = 2m1, and
Vi(x) is the trapping potential inluding the internal en-
ergy for the i-th speies, where we dene Vi(0) = Ei.
Inluding s-wave sattering proesses and laser in-
dued partile inter-onversion, together with the as-
sumption of a momentum ut-o, results in the following
terms in the eetive interation Hamiltonian:
Hˆ
(s)
int =
~
2
∫
d3x
∑
ij
UijΨˆ
†
i (x)Ψˆ
†
j(x)Ψˆj(x)Ψˆi(x), (2)
Hˆ
(1−3)
int =
∫
d3x
[−~Ω1
2
√
2
e−iω1tΨˆ21(x)Ψˆ
†
3(x) +H.c.
]
,(3)
Hˆ
(2−3)
int =
∫
d3x
[−~Ω2
2
e−iω2tΨˆ2(x)Ψˆ
†
3(x) +H.c.
]
.(4)
Here Ωi =
∫
d3RΩ
(el)
i (R)u
∗
3(R)ui(R) ≈ Ω
(el)
i Ii,3 (i =
1, 2) are the moleular Rabi frequenies. These an
be treated using the Frank-Condon overlap integrals
Ii,3 =
∫
d3Ru∗3(R)ui(R), if we take Ω
(el)
i as the mean
eletroni Rabi frequeny. We note that Ω1, whih on-
nets the atomi and moleular ondensates, has units
of s−1m−3/2, and must be multiplied by the atomi
ondensate amplitude to obtain a true Rabi frequeny.
The ouplings Uij in the diagonal ase are given by
Uii = 4pi~ai/mi, where ai is the i-th speies s-wave sat-
tering length, while the non-diagonal terms are given by
Uij = Uji = 2pi~aij/µij , where aij is the inter-speies
sattering length and µ = mimj/(mi + mj) is the re-
dued mass.
In addition, we aount for losses from eah state, at a
rate γi. The resulting Heisenberg equations for the eld
operators are treated within the mean-eld approxima-
tion, in whih the operators are replaed by their mean
values, and a fatorization is assumed. This approxima-
tion is expeted to be valid at suiently high density.
Corretions due to quantum orrelations [13℄ have been
treated in greater detail elsewhere [14℄. Next, we intro-
due rotating frame detunings, dened so that:
2∆1(x) = (E3 − 2V1(x))/~− ω1 ,
∆2(x) = (E3 − V2(x))/~ − ω2 , (5)
∆3(x) = (E3 − V3(x))/~ .
In the ase of uniform ondenstates, Vi(x) are equal to
Vi(x) = Ei, and ∆3 = 0.
This results in the following set of Gross-Pitaevskii
type of equations for the mean-eld amplitudes, in ro-
tating frames suh that ψi =
〈
Ψˆi
〉
exp[i(Ei+∆i(0))t/~]:
∂ψ1(x, t)
∂t
= i∆GP1 ψ1 +
iΩ∗1√
2
ψ3ψ
∗
1 ,
∂ψ2(x, t)
∂t
= i∆GP2 ψ2 +
iΩ∗2
2
ψ3, (6)
∂ψ3(x, t)
∂t
= i∆GP3 ψ3 +
iΩ1
2
√
2
ψ21 +
iΩ2
2
ψ2,
Here ∆GPj is the i -th Gross-Pitaevskii mean-eld detun-
ing in the rotating frame, dened so that:
∆GPj (x, t) = ∆j(x)+
~
2mj
∇2−
3∑
k=1
Ujk|ψk|2+ iγj
2
. (7)
3We also introdue the two-photon laser detuning at trap
enter:
δ ≡ ∆2(0)− 2∆1(0) = −(E2 − 2E1)/~+ (ω1 − ω2). (8)
In addition to losses due to spontaneous emission from
the eletroni exited states, rotationally or vibrationally
inelasti atom-moleule ollisions may also give rise to
losses. The magnitude of these rates is presently un-
known, and we neglet them here. We note that these
rates should derease rapidly with inreasing moleular
binding energy and go to zero in the moleular ground
state, so that it should be possible to obtain a very low
rate by seleting the oupling to a deeply bound mole-
ular level. This approximation means that we will set
γi = γδ3i in the following treatment, where δij is the
Kroneker delta-funtion.
The simplest STIRAP sheme employs exat tuning of
the laser frequenies to the bare state resonanes, i.e.,
∆1(0) = ∆2(0) = 0. This, however, is not neessarily
required as the STIRAP an still our with detuned in-
termediate levels. Moreover, as we show below, in BEC
environments, the o-resonane operation turns out to be
more eient if the detunings ompensate for the phase
shifts due to mean-eld energies. In eet this is equiv-
alent to a renormalized two-photon on-resonant opera-
tion in whih ∆GP2 (x, 0)− 2∆GP1 (x, 0) ≈ 0.
If, instead of onsidering near-resonane oupling, we
onsider a large intermediate level detuning so that the
exited state an be adiabatially eliminated, we reover
the basi terms in the set of equations analyzed in [1℄.
Simultaneously, this would give us the previously known
result [11℄ for the laser indued modiation to the sat-
tering length a1 ourring in a simple single-laser pho-
toassoiation of pairs of atoms, thus justifying the above
form of the interation Hamiltonian. In the present pa-
per, however, we assume that the detunings ∆i are small
ompared to the harateristi separation between the
vibrational levels so that all other vibrational levels an
be negleted. The near-resonant exited level is treated
expliitly, rather than eliminated adiabatially as in [1℄.
III. STIRAP IN A BEC
Before arrying out simulations of the full 3D equa-
tions in a trap, it is instrutive to start with a simplied
version of the theory - in whih there are no kineti en-
ergy terms. We expet this approximation to be valid
in the Thomas-Fermi limit of large, relatively dense on-
densates, whih is a regime of muh urrent experimental
interest. This is desribed by the following set of equa-
tions:
∂ψ1(x, t)
∂t
= i∆TF1 ψ1 +
iΩ∗1√
2
ψ3ψ
∗
1 ,
∂ψ2(x, t)
∂t
= i∆TF2 ψ2 +
iΩ∗2
2
ψ3, (9)
∂ψ3(x, t)
∂t
= i∆TF3 ψ3 +
iΩ1
2
√
2
ψ21 +
iΩ2
2
ψ2,
where we have introdued as an eetive Thomas-Fermi
limit frequeny shift,
∆TFj (x, t) = ∆j(x)−
3∑
k=1
Ujk|ψk|2 + iγj
2
. (10)
This orresponds to the treatment given in [10℄, exept
that we expliitly inlude the loss term γ due to spon-
taneous emission, the s-wave sattering proesses due to
Uij , and the Frank-Condon integrals into the oupling
oeients for the free-bound and bound-bound transi-
tions.
In order to understand how this is related to the usual
STIRAP tehnique in a three-level Λ atomi system, we
introdue a new wave-funtion ψm = ψ1/
√
2, whih or-
responds to the oherent amplitude of a (virtual) mole-
ular ondensate with the same number of atoms as in the
atomi BEC. We then introdue a Bose-stimulated Rabi
frequeny, whih inludes a loal oherent BEC ampli-
tude for the rst free-bound transition: Ω˜1 = ψ
∗
1Ω1. This
leads to the equations:
∂ψm(x, t)
∂t
= i∆TF1 ψm +
iΩ˜∗1
2
ψ3,
∂ψ2(x, t)
∂t
= i∆TF2 ψ2 +
iΩ∗2
2
ψ3, (11)
∂ψ3(x, t)
∂t
= i∆TF3 ψ3 +
iΩ˜1
2
ψm +
iΩ2
2
ψ2 .
These are preisely the usual STIRAP equations, exept
with additional detunings oming from the mean-eld in-
terations, and a Rabi frequeny in the rst transition
whih is proportional to the amplitude of the atomi BEC
wave-funtion. In pratise, the Rabi frequeny may have
an additional spae-dependene due to the spatial varia-
tion of the laser phase and intensity. We therefore on-
lude that, provided we an satisfy the normal adiabati
STIRAP requirements of slow time-variation in the ef-
fetive Rabi frequenies in the above equations, the teh-
nique will also work for a BEC. This is a simpler proof
than previously [10℄. In partiular, we an immediately
dedue the expeted solution for real Rabi frequenies in
the adiabati limit. In order to have Ω˜1ψm +Ω2ψ2 = 0,
one requires:
ψ1(x, t) = ψ1(x, 0) cos(θ),
ψ2(x, t) = −ψ1(x, 0) sin(θ)/
√
2, (12)
ψ3(x, t) = 0.
4Here the spae dependent mixing angle θ(x, t) is ob-
tained from the ratio of eetive Rabi frequenies:
tan(θ) =
Ω˜1
Ω2
=
ψ1Ω1
Ω2
=
[√
ψ21(x, 0)Ω
2
1
Ω22
+
1
4
− 1
2
]1/2
.
(13)
We an see that initially, while ψ1 is still lose to its
initial value, the mixing angle is lose to its expeted
value in normal STIRAP, sine tan(θ) ≈ ψ1(x, 0)Ω1/Ω2.
However, at the nal stages of the adiabati passage, the
nonlinear eets due to the atom-moleular oupling be-
ome important. As the atomi BEC amplitude only
varies on the time-sale of the input elds, the nonlinear
atom-moleular oupling term by itself should not intro-
due new adiabati restritions. However, there will be
time-dependent detunings introdued by the mean-eld
terms.
Finally, we an see that similar onlusions an also be
reahed in a non-uniform BEC, by replaing the uniform
detunings with appropriate Gross-Pitaevskii detunings,
that inlude the spatial potentials. In a typial BEC
ooled in the Thomas-Fermi regime, we expet the kineti
energy terms to have relatively small eets.
STIRAP an therefore be implemented as usually by
using two laser pulses applied in ounterintuitive order.
We hoose Gaussian pulses of the form
Ω¯
(el)
i (t) = Ω
(el,0)
i exp[−(t− ti)2/T 2], (i = 1, 2), (14)
or
Ωi(t) = Ω
(0)
i exp[−(t− ti)2/T 2], (15)
where the peak values are related as follows: Ω
(0)
i =
Ω
(el,0)
i Ii,3. The pulse at frequeny ω2 is applied rst, with
the enter at t2, while the seond pulse at frequeny ω1
is delayed by αT , i. e.,
t1 − t2 = αT, (16)
where α is the delay oeient, and T is the pulse dura-
tion, whih we assume is the same for both pulses.
In terms of the Rabi frequenies, the adiabati ondi-
tion for STIRAP now reads as [15℄:
Ω(t)∆τ ≫
√
1 + |2∆TF1 −∆TF3 |∆τ , (17)
where Ω(t) =
√
|Ω˜1(t)|2 + |Ω2(t)|2 is the rms Rabi fre-
queny, ∆τ is the duration during whih the pulses over-
lap, and (2∆TF1 − ∆TF3 ) simply orresponds to the de-
tuning of the single-photon transition. However, there is
a seond ondition, whih is often not stated expliitly.
This is that STIRAP requires an eetive two-photon res-
onane, to avoid dephasing between the initial and nal
states in the dark-state superposition. The two-photon
resonane ondition is dierent from the usual STIRAP
ase, sine a detuning of ∆TF1 auses a phase rotation
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Figure 2: The Rabi frequenies Ω
(eff)
i (t) for the Raman tran-
sitions, with the peak values of Ω
(eff,0)
1 = Ω
(eff,0)
2 = 2.1×10
7
s
−1
, pulse durations T = 10−4 s, and a delay oeient of
α = 1.5.
both in ψm and in Ω˜1 as well, sine this also inludes a
phase term from the ondensate. As a result, the ne-
essary ondition for two-photon resonane is therefore:
|∆TF2 − 2∆TF1 |∆τ ≪ 1 . (18)
This leads to a third ondition, whih shows that there
is a lower bound to the allowed Rabi frequeny in order
to have STIRAP ourring in the presene of mean-eld
dephasing eets:
Ω(t)≫ |∆TF2 − 2∆TF1 | . (19)
As is usually the ase in STIRAP, these onditions
annot be satised very early or late in the pulse se-
quene, when the Rabi frequenies are small; but they
should be satised over most of the STIRAP interation,
and over most of the ondensate volume. For simpli-
ity, we will apply these onditions to the peak Rabi fre-
queny Ω(0), and to the total pulse duration T . Further,
sine Ω˜1 is itself a funtion of the STIRAP evolution,
we introdue an eetive rst Rabi frequeny, dened in
terms of the initial density n1(0) = |ψ1(0)|2. This is
an upper bound to the stimulated Rabi frequeny; thus
Ω
(eff)
1 (t) =
√
n1(0)Ω1(t) ≥ Ω˜1(t) (and sometimes we
write Ω
(eff)
2 (t) = Ω2(t), for uniformity), where
Ω
(eff)
i (t) = Ω
(eff,0)
i exp[−(t− ti)2/T 2], (i = 1, 2) ,
(20)
where Ω
(eff,0)
1 = Ω
(el,0)
1 I1,3
√
n1(0) and Ω
(eff,0)
2 =
Ω
(el,0)
2 I2,3.
A typial pulse sequene is shown in Fig. 2. From the
denition of Ωi, the Frank-Condon overlap integrals are
an important issue from the point of view of employing
a realisti set of parameters. Sine the overlap integrals
enter into the denition of the eetive Rabi frequenies,
their values will aet the adiabati ondition rewritten
in terms of the bare eletroni Rabi frequenies Ω
(el)
i .
We will analyze this in more detail in the next setion.
5γ 7.4× 107 s−1
n1(0) 4.3× 10
20
m
−3
Ω
(eff,0)
1 = Ω
(eff,0)
2 2.1× 10
7
s
−1
T 10−4 s
Table I: Typial parameter values for eient STIRAP.
IV. UNIFORM CONDENSATE RESULTS
We start by onsidering a uniform ondensate, de-
sribed by a similar equation to the Thomas-Fermi ase,
exept with a uniform trap potential for simpliity:
∂ψm(x, t)
∂t
= i∆TF1 (0)ψm +
iΩ˜∗1
2
ψ3,
∂ψ2(x, t)
∂t
= i∆TF2 (0)ψ2 +
iΩ∗2
2
ψ3, (21)
∂ψ3(x, t)
∂t
= i∆TF3 (0)ψ3 −
iΩ˜1
2
ψm − iΩ2
2
ψ2 .
Here the uniform detuning term ∆TF1 (0) is dened as
the Thomas-Fermi detuning, evaluated at the trap en-
ter. We start by onsidering a uniform ondensate in
whih the s-wave sattering interations are negligible
(i.e., Uij = 0), and assume exat resonanes with respet
to bare state transitions, ∆1 = ∆2 = 0. We rst sim-
ulate the above simplied equations (21) with an initial
ondition of a pure atomi ondensate. This model is
more realisti than that of M. Makie et al. [10℄, as it
inludes spontaneous emission. We nd that inluding
the loss term γ imposes restritions on the eetive Rabi
frequenies Ω
(eff,0)
i and the duration of the pulses T .
The results are best understood with referene to Table
I, whih gives the values of typial STIRAP parameters
harateristi of a ondensate of
87
Rb atoms [1, 5℄), and
orresponding to the pulse sequene in Fig. 2.
Taking the values of the parameters in Table I, and an
optimum delay oeient of α ≃ 1.5, gives η ≃ 0.96 or
about 96% eieny of onversion of atomi BEC into
moleular BEC, even inluding the upper level sponta-
neous emission. Here, the onversion eieny η is de-
ned as the fration of the initial number of atoms n1(0)
onverted into moleules
η =
2n2(∞)
n1(0)
, (22)
where n2(∞) is the nal number of moleules. This
aounts for the fat that n1 atoms an produe n1/2
moleules at best.
For omparison, using smaller Rabi frequenies,
Ω
(eff,0)
i = 2.1×106 s−1, and a larger value of T = 10−3 s,
so that the produt Ω
(eff,0)
i T still has the previous value
Ω
(eff,0)
i T = 2.1 × 103, gives a maximum onversion e-
ieny of η ≃ 0.83, with a new optimum delay oeient
α ≃ 1.2. This is smaller than in the previous example.
U11 4.96× 10
−17
m
3
/s
U12 −6.44× 10
−17
m
3
/s
U22 2.48× 10
−17
m
3
/s
U3i 0
Table II: Typial mean-eld interation potentials in Rubid-
ium ondensates.
In order to reah the same eieny as before, one has
to further inrease the pulse durations (up to T = 10−2
s), i.e. enter into a deeper adiabati regime. In in the ab-
sene of the spontaneous emmission term, the onversion
eienies would not be dierent in these two examples.
In other words, in this simplied model it is possible
to have eetive Rabi frequenies smaller than the spon-
taneous emission rate γ, provided the duration of the
pulses is long enough. As usual, we an understand this
physially as implying that the upper level is never a-
tually oupied for very slowly varying adiabati pulses.
Hene, just as in the ase of atomi STIRAP, we an
ignore spontaneous emission from the upper level pro-
vided that we use very slowly varying pulses whih are
suiently deep in the adiabati limit. As we see in the
following alulations, the problem with this strategy is
that very long pulses will tend to ause violations of the
two-photon resonane ondition, in the presene of mean-
eld interations.
A. Eets of the mean-eld energies
We now wish to inlude the mean-eld energy terms,
and rst restrit our analysis to the atom-atom sattering
proesses. We onsider a harateristi value of U11 =
4.96×10−17 m3/s orresponding to the sattering length
of
87
Rb atoms [16℄ a1 = 5.4 nm (m1 = 1.443×10−25 kg).
Together with the hoie of the initial atomi density
n1(0) as before (see Table I), the value of U11 sets up a
harateristi dephasing time sale
tph = [U11n1(0)]
−1
, (23)
equal in this ase to tph ≃ 4.7 × 10−5 s. The pulse du-
ration T must be smaller than or of the order of the
dephasing time, in order to permit STIRAP, otherwise
the two-photon resonane ondition will not be satised.
Thus, inluding atom-atom sattering imposes an up-
per limit to the pulse duration, so that T has now to
satisfy T . tph ≃ 10−5 − 10−4 s. But this restrition
means that one an no longer use longer pulse durations
for small values of Ω
(eff,0)
i , while still maintaining high
onversion eieny. As a result, the adiabati ondition
Ω
(eff,0)
i T ≫ 1, with the restrition of T . 10−5 − 10−4
s, requires high peak values of the eetive Rabi frequen-
ies: Ω
(eff,0)
i & 10
7
s
−1
.
In order to satisfy this ombination of requirements,
we use typial parameter values given in Table I, with
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Figure 3: Eient onversion of an atomi ondensate into a
moleular ondensate during STIRAP as obtained by sim-
ulating Eqs. (21), with an initial atom number density
n1(0) = 4.3 × 10
20
m
−3
. Other parameter values are as in
Fig. 2, and Tables I and II. The solid line indiates atomi
density, the dashed line the moleular density, and the dotted
line the analyti result in the adiabati limit.
U11 = 4.96 × 10−17 m3/s. Simulating Eqs. (21) with
these parameter values and with all other ouplings Uij
set to zero, gives a maximum of η ≃ 0.95 onversion
eieny, for the optimum delay oeient of α ≃ 1.5.
As the next step, one an inlude the mean-eld en-
ergies due to atom-moleule (U12, U13) and moleule-
moleule (U22, U23, U33) sattering proesses. Consider-
ing the fat that the exited moleular state never gets
highly populated in STIRAP, only proesses desribed by
U12 and U22 are to be taken into aount here. Provided
that the sattering lengths for these proesses are of the
same order of magnitude as the atom-atom sattering
length, these terms do not lead to a dramati hange in
the onversion eieny.
To aount for the most reent experimental data on
ultraold atom-moleule sattering in a
87
Rb ondensate
[5℄, we have inluded the U12 term with a12 = −9.346 nm.
In addition, we inlude the U22 term with an assumption
that a2 = a1 and set U3i = 0 sine these are urrently
not known. The resulting values of Uij are summarized
in Table II.
The results of simulations are given in Fig. 3, where we
see about 93% (η ≃ 0.93) onversion of the atomi on-
densate into the ondensate of moleules, for Ω
(eff,0)
1 =
Ω
(eff,0)
2 = 2.1× 107 s−1, T = 10−4 s, and α ≃ 1.5. This
gure also inludes the analyti theory alulated in the
adiabati limit for omparison, and shows that for these
parameters, the results of the numerial simulation are
lose to those from the adiabati theory.
Thus, we onlude that even inluding the mean eld
energies STIRAP an be arried out, provided one uses
faster time sales than in the absene of the s-wave sat-
tering. As a onsequene the eetive Rabi frequenies
have to be kept at a rather high value. Charateristi re-
sults for omparison are summarized in Fig. 4, where we
plot onversion eieny η versus the relative delay o-
eient α, for ases where s-wave sattering are present
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Figure 4: The onversion eieny η as a funtion of relative
delay α, for: (a) T = 10−4 s and Uij = 0; (b) T = 10
−3 s
and Uij = 0; () T = 10
−4 s and Uij as in Table II; (d)
T = 10−3 s and Uij as in Table II. The full, dashed, and
dashed-dotted lines orrespond to eetive Rabi frequenies
Ω
(eff,0)
1 = Ω
(eff,0)
2 equal to 2.1× 10
6
s
−1
, 6.3× 106 s−1, and
2.1× 107 s−1. Other parameter values are as in Table I.
or absent, and for dierent values of the eetive Rabi
frequenies and pulse durations T .
Figure 4 (a) shows a reasonably eient onversion,
in the absene of mean-eld interations, but inluding
losses. As expeted, spontaneous emission losses are re-
dued, and eieny is improved further by the use of
longer pulses, further into the adiabati limit, as in Fig.
4 (b). However, the more realisti example given in Fig.
4 () whih inludes mean-eld interations shows rather
poor onversion, espeially when we use smaller eetive
Rabi frequenies, Ω
(eff,0)
1 = Ω
(eff,0)
2 = 2.1 × 106 s−1, as
shown by the full line where maximum η ≃ 0.12 at opti-
mum α ≃ 0.7. This is aused by the eetive two-photon
detunings indued by the mean-eld interations. The
situation is made even worse rather than better in Fig. 4
(d) when longer pulses are hosen, giving more time for
two-photon detunings to our.
To be more spei about values of the eetive Rabi
frequenies we reall that the denition of Ω
(eff)
i involves
the Frank-Condon overlap integrals Ii,3 and bare ele-
troni Rabi frequenies Ω¯
(el)
i = |d¯M · Ei|/~. Given the
values of d¯M and Ii,3 whih are spei for partiu-
lar dimer speies involved, the size of Ω
(eff,0)
i an be
translated to the intensities of the Raman lasers. Con-
sidering
87
Rb2 as an example, and using a harateris-
ti values of the orresponding Frank-Condon integrals,
|I1,3| ≃ 10−14m3/2 and |I2,3| ≃ 0.1 [1℄, the magnitudes of
Ω
(eff,0)
1 = Ω
(eff,0)
2 = 2.1× 107 s−1 translate to peak val-
ues of the bare Rabi frequenies equal to Ω
(el,0)
1 = 10
11
s
−1
(for n1(0) = 4.3× 1020 m−3) and Ω(el,0)2 = 2.1× 108
s
−1
. The peak Rabi frequeny of Ω
(el,0)
1 = 10
11
s
−1
for
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Figure 5: The onversion eieny η as a funtion of −δ,
for Ω
(eff,0)
1 = Ω
(eff,0)
2 = 2.1 × 10
6
s
−1
, T = 10−4 s and
dierent delay oeients: α = 0.2 (full line), α = 0.4 (dashed
line), α = 0.8 (dashed-dotted line), α = 1.5 (dots). Other
parameter values are as in Tables I and II.
the free-bound transition would be realized with a 1 W
laser power and a waist size of about 10 µm, whih is
not impossible  but muh higher than we would esti-
mate without the ombined eets of spontaneous emis-
sion and ollisional proesses. Another obvious problem
here is that the waist size of 10 µm is omparable to
harateristi spatial extend of urrent BECs in a trap.
In summary, our analysis shows that the relatively
small overlap integrals for the free-bound transitions, to-
gether with the mean-eld interation detunings, an re-
quire rather high intensity of the ω1-laser for obtaining
high onversion eienies.
B. O-resonane operation
In order to allow one to operate under less demanding
laser powers or smaller Rabi frequenies (e.g. Ω
(eff,0)
1 =
Ω
(eff,0)
2 = 2.1×106 s−1)  while still maintaining eient
onversion  we now onsider the role of the detunings∆1
and∆2 in the o-resonane regime of operation. In eet,
this approah relies on ompensating for the phase shifts
due to the mean eld energies, and tuning the free-bound
and bound-bound transitions to a true resonane. The
physis behind this is that in BEC environments it is not
appropriate to onsider transitions with respet to single-
partile bare energies Ei. Rather, the relevant energies
and therefore the eetive resonanes have to take into
aount the mean-eld energy ontributions due to self-
and ross-interations between the ondensates.
More speially, it is the two-photon detuning δ that
has to be adjusted to the relative phase between the
atomi and moleular ondensates. Alternatively speak-
ing, by tuning the two-photon detuning to ompensate
for the net mean-eld energy, one redues the eet of
dephasing sine the eetive dephasing time beomes
longer ompared to the pulse durations. The problem,
however, is more ompliated beause the mean eld en-
ergy is hanged dynamially as the populations of the
atomi and the moleular ondensate themselves are be-
ing hanged during STIRAP. As a rude estimate of an
appropriate value of δ one an simply hoose it to om-
pensate the initial mean eld energy in the atomi on-
densate. This approah  employed for smaller Rabi
frequenies than before  an substantially improve the
onversion eieny, ompared to the ase of zero two-
photon detuning.
To show this we have arried out simulations with ten
times smaller Rabi frequenies than before (i.e. with
Ω
(eff,0)
i = 2.1 × 106 s −1), orresponding to a derease
of the Raman laser intensities by a fator of 100. The
results are summarized in Fig. 5 , where we plot the on-
version eieny η versus δ, for T = 10−4 s and dierent
delay oeients α.
As we see, by varying the two-photon detuning and
tuning it to the optimum value one an improve the on-
version eieny by about a fator of two or more, for a
range of values of the delay oeient. Furthermore, as
the eetive dephasing time is inreased when the on-
tribution of the mean eld energies is ompensated by δ,
one an further improve the results by employing longer
pulse durations. More generally, the problem of nding a
set of values of T , α, and δ that maximize the onversion
eieny, for given values of the eetive Rabi frequen-
ies, is now transformed to an optimization problem.
C. Asymmetri eetive Rabi frequenies
We now wish to explore an alternative strategy for im-
proving the onversion eieny under experimentally
less demanding onditions of smaller Rabi frequenies.
We onsider the eets of non-equal eetive Rabi fre-
quenies.
Using the earlier given harateristi values of the
Frank-Condon overlap integrals, |I1,3| ≃ 10−14m3/2 and
|I2,3| ≃ 0.1 , we an estimate that the moderate magni-
tudes of Ω
(eff,0)
1 = Ω
(eff,0)
2 = 2.1 × 106 s−1 translate
to the following peak values of the bare Rabi frequen-
ies: Ω
(el,0)
1 = 10
10
s
−1
(for n1(0) ∼ 4.3× 1020 m−3) and
Ω
(el,0)
2 = 2.1×107 s−1. As we see, while this orresponds
to equal eetive Rabi frequenies, however, the absolute
values of the orresponding bare Rabi frequenies are not
equal. The limitation on laser intensities refers primarily
to the free-bound transition, whose bare Rabi frequeny
Ω
(el,0)
1 is higher.
As far as the seond Rabi frequeny Ω
(el,0)
2 is on-
erned, one an in priniple inrease its magnitude up
to the same value as Ω
(el,0)
1 , i.e. Ω
(el,0)
2 = 10
10
s
−1
, thus
maintaining experimentally similar and reasonably high
intensities for both lasers. Under these onditions, and
for the same values of the Frank-Condon overlap inte-
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Figure 6: The maximum onversion eieny η versus Ω
(el,0)
2
(the evaluated points are represented by irles), for Ω
(el,0)
1 =
1010 s−1 and the orresponding optimum values of T , α, and
δ as given in Table III. The triangle gives the result of an
optimization with δ = 0.
grals and n1(0), we would have
Ω
(el,0)
1 = 10
10
s
−1, Ω
(eff,0)
1 = 2.1× 106s−1,
Ω
(el,0)
2 = 10
10
s
−1, Ω
(eff,0)
2 = 10
9
s
−1. (24)
We an now ask the question of what happens in
STIRAP with dierent eetive Rabi frequenies, and
whether one an ahieve higher onversion eienies in
the regime where Ω
(eff,0)
2 ≫ Ω(eff,0)1 . This approah
again leads to an inreased onversion eieny om-
pared to the ase of equal eetive Rabi frequenies. To
generalize the analysis, we now treat dierent ases as
an optimization problem (that maximize η), arried out
with respet to T , α, and δ, for a set of dierent values
of Ω
(el,0)
2 within a range of Ω
(el,0)
2 = 1.5 × 107 − 1010
s
−1
, and for a given value of Ω
(el,0)
1 = 10
10
s
−1
. In
terms of the eetive Rabi frequenies, this orresponds
to Ω
(eff)
2 ranging from 1.5 × 106 to 109 s−1, for a given
Ω
(eff,0)
1 = 2.1× 106 s−1.
The results are summarized in Fig. 6 and in Table III
where we give the orresponding optimum values of T , α,
and δ, and the resulting maximum onversion eieny
η.
For omparison, in the symmetri ase of Ω
(eff,0)
1 =
Ω
(eff,0)
2 = 2.1 × 106 s−1 and δ = 0, suh that the op-
timization is arried out only with respet to T and α,
the maximum onversion eieny would be η ≃ 0.14 (at
optimum T = 0.46× 10−4 s and α = 0.54). This ase is
represented by the triangle, in Fig. 6.
Thus, we have shown that by introduing the pos-
sibility of varying the two-photon detuning δ and the
Rabi frequeny Ω
(el,0)
2 , the onversion eieny an be
inreased almost by a fator of 4. This an be ruial for
experimental observation of the phenomenon of oherent
onversion of an atomi BEC into a moleular BEC, via
STIRAP.
Ω
(el,0)
2 (s
−1
) T (×10−4 s) α δ (×104 s−1) η
1.5× 107 0.987 0.753 3.58 0.257
2.1× 107 0.966 0.795 3.57 0.331
3× 107 1.05 0.882 3.44 0.391
5× 107 1.29 1.05 3.11 0.437
7.5× 107 1.49 1.19 2.92 0.453
108 1.61 1.30 2.83 0.459
2× 108 1.86 1.53 2.71 0.467
109 2.32 1.98 2.59 0.474
1010 2.58 2.51 2.93 0.486
Table III: Optimum STIRAP parameters for: Ω
(el,0)
1 =
1010s−1, |I1,3| = 10
−14
m
3/2/s, and n1(0) = 4.3 × 10
20
m
−3
,
so that Ω
(eff,0)
1 = 2.1 × 10
6
s
−1
in all ases; dierent values
of Ω
(eff,0)
2 = I1,3Ω
(el,0)
2 are taken for |I1,3| = 0.1 and Ω
(el,0)
2
ranging from 1.5× 107 to 1010 s−1.
V. REALISTIC CONDENSATE MODELS
A. Uniform multi-level model
In our model for STIRAP we only treated the oupling
of laser ω1 to the free-bound transition |1〉 ↔ |3〉 with
Rabi frequeny Ω1 = Ω¯
(el)
1 I1,3 together with the ou-
pling of laser ω2 to the bound-bound transition |2〉 ↔ |3〉
with Rabi frequeny Ω2 = Ω¯
(el)
2 I2,3. This approximation
an only be valid if the laser ω1 is far detuned from the
|2〉 ↔ |3〉 transition, and similarly  if the laser ω2 is far
detuned from the |1〉 ↔ |3〉 transition. In addition, the
two lasers have to be far detuned from transitions to any
other vibrational levels |v′〉 (adjaent to |3〉) in the ex-
ited potential. We dene the relevant detunings, for the
simplest uniform ase, as follows:
∆13,ω2 = (E3 − 2E1)/~− ω2,
∆23,ω1 = (E3 − E2)/~− ω1,
∆1v′,ω1 = (Ev′ − 2E1)/~− ω1,
∆1v′,ω2 = (Ev′ − 2E1)/~− ω2,
∆2v′,ω1 = (Ev′ − E2)/~− ω1,
∆2v′,ω2 = (Ev′ − E2)/~− ω2. (25)
In general, these ross-ouplings  if inluded into the
model  lead to inoherent radiative losses of atoms and
moleules due to spontaneous emission, whih modies
the eetive detunings to:
∆γiv′,ωj = ∆iv′,ωj + iγ/2 . (26)
In order that these losses be negligible we require the re-
spetive detunings to be large enough. This requirement,
however, may not be easily satised, as the magnitudes of
the detunings are in priniple limited from above by the
harateristi distane between the adjaent vibrational
levels of the exited moleular potential. In other words,
inreasing the detuning with respet to one transition
9will eventually bring the laser frequeny to a resonane
with respet to the nearby level. More importantly, these
ross-ouplings provide sattering pathways that are not
anelled out in a dark-state interferene eet, so that
their overall disruptive eet  over the adiabatially long
pulse durations  may turn out to be rather large.
In order to estimate these eets, we therefore expli-
itly inlude all other relevant oupling proesses into our
model. In addition to losses, the inoherent ouplings
indue light shifts that eetively lead to a dephasing
between the atomi and moleular ondensates. Treat-
ing these, leads to the following additional terms in the
STIRAP equations, in same rotating frames as in Eqs.
(9):
∂ψ1
∂t
= (... ) + iβγ1ψ1 + iU¯
γ
11 |ψ1|2 ψ1
−iχψ∗1ψ2 + i
(Ω¯
(el)
2 I1,3)
∗
√
2
e−iω12tψ∗1ψ3, (27)
∂ψ2
∂t
= (... ) + iβγ2ψ2
−iχ
′
2
ψ21 + i
(Ω¯
(el)
1 I2,3)
∗
2
eiω12tψ3, (28)
∂ψ3
∂t
= (... ) + i
Ω¯
(el)
2 I1,3
2
√
2
eiω12tψ21
+i
Ω¯
(el)
1 I2,3
2
e−iω12tψ2, (29)
where (... ) stand for the terms already present in the
right hand sides of Eqs. (9), and ω12 = ω1 − ω2, . Here,
the eetive omplex light shift oeients βγ1 and β
γ
2 ,
the nonlinear phase shift U¯11 (whih eetively leads to a
modied atom-atom sattering length) and the eetive
parametri ouplings χ, χ′ (inluding only non-osillating
terms) are given by:
βγ1 =
|Ω(A)1 |2
4Dγ1
+
|Ω(A)2 |2
4Dγ2
, (30)
βγ2 =
∑′
v′
[
|Ω¯(el)1 I2,v′ |2
4∆γ2v′,ω1
+
|Ω¯(el)2 I2,v′ |2
4∆γ2v′,ω2
]
, (31)
U¯γ11 =
∑′
v′
[
|Ω¯(el)1 I1,v′ |2
4∆γ1v′,ω1
+
|Ω¯(el)2 I1,v′ |2
4∆γ1v′,ω2
]
, (32)
χ = − Ω¯
(el)∗
1 Ω¯
(el)
2
2
√
2
∑′
v′
I∗1,v′I2,v′
∆γ1v′,ω1
. (33)
χ′ = − Ω¯
(el)
1 Ω¯
(el)∗
2
2
√
2
∑′
v′
I1,v′I
∗
2,v′
∆γ1v′,ω1
. (34)
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Figure 7: Diagramati representation of inoherent sattering
proesses resulting in indued losses and light shifts.
where D1 = ω0 −ω1 and D2 = ω0 − ω2 represent the de-
tunings of lasers ω1 and ω2 from the resonane frequeny
ω0 of the atomi transition between the dissoiation lim-
its of the ground and exited potentials. In addition,
Dγj = Dj + iγA/2 , (35)
where γA = γ/2 is the atomi spontaneous deay rate,
and Ω
(A)
1 and Ω
(A)
2 are the atomi Rabi frequenies whih
we take Ω
(A)
i = Ω
(el)
i /
√
2.
We now introdue real frequeny shift and loss oe-
ients, so that βγ1 = β1 + iα/2 , β
γ
2 = β1 + iΓ2/2 and
U¯γ11 = U¯11+ iΓ1/2 . Note that, in general, χ
∗ 6= χ′ . This
means that the parametri terms are not population-
preserving, and an provide a STIRAP-type of loss re-
dution even for the non-resonant vibrational levels, pro-
vided the oupling is STIRAP-like.
The oeients α, Γi, βi, U¯11 and χ are obtained by ex-
pliitly treating all other levels in the exited potential,
adjaent to |3〉, followed by the proedure of adiabati
10
elimination. The oeients also inlude the ontribu-
tions from Raman type of ouplings |1〉 ↔ |v′〉 by the ω1-
laser and |2〉 ↔ |v′〉 by ω2-laser. In priniple, these addi-
tional Raman ouplings ould be treated exatly like the
primary STIRAP transition via |3〉, i.e. taking plae via
the dark-state interferene eet, exept that the transi-
tions have muh larger one-photon detuning. This would
require an adiabatiity ondition of the form of Eq. (17)
that inludes the one-photon detuning, implying that a
larger value of the produt Ω
(eff,0)
i T is needed. However,
Ω
(eff,0)
i T an not be made arbitrarily large, as we dis-
ussed earlier. Therefore our approah is to treat these
extra Raman ouplings as loss and dephasing proesses,
rather than to inlude them into the adiabati passage
sheme. The ontribution of these ouplings to the ef-
fetive atom-moleule onversion rate, desribed by χ, is
negligibly small ompared to the onversion rate due to
the parimary Raman transition via |3〉.
The relevant transitions that stand behind these o-
eients are illustrated in Fig. 7. For example, the
oeient α desribes the proess of atomi absorption
from either of the two Raman lasers, that inoherently
produe exited atoms followed by spontaneous emission
loss. The oeient Γ1 is due to ordinary photoassoia-
tion when pairs of atoms from the ondensate are trans-
ferred (again by either of the two Raman lasers) into
an exited moleular state whih an then spontaneously
dissoiate into a pair of hot (non-ondensed) atoms. The
eetive rate of this non-linear loss is Γ1n1. Finally, the
oeient Γ2 desribes the loss of moleules due to spon-
taneous Raman sattering of laser photons. This pro-
dues moleules predominantly in ro-vibrational levels
other than the one targetted by the stimulated Raman
transition. This term may also desribe some sattering
whih is elasti in the sense that the moleules return to
the targeted state, but with an inreased kineti energy
due to photon reoil, that will still remove the moleules
from the ondensate.
The summations in the expressions for Γi, β2, U¯11 and
χ are arried out over all the exited levels v′ exept the
resonant level |3〉 whih itself partiipates in STIRAP,
rather than being adiabatially eliminated. The eets
of losses and light shifts due to the ross-ouplings to
the level |3〉 itself are impliitly desribed by the last
terms in the rhs of Eqs. (27)-(29). Subsequently, we will
estimate the ombined eets of all levels in whih ase
the ontribution of the level |3〉 is estimated by similar
terms to the ones inluded in Γi, β2, U¯11, exept that the
detunings ∆1v′,ω2 and ∆2v′,ω1 are replaed by ∆13,ω2 and
∆23,ω1 , respetively, and Ii,v′ are replaed by Ii,3.
Separating out the time dependenes of the two Rabi
frequenies, the above oeients an be rewritten as:
α = α(1)e−2(t−t1)
2/T 2 + α(2)e−2(t−t2)
2/T 2 , (36)
Γi = Γ
(1)
i e
−2(t−t1)
2/T 2 + Γ
(2)
i e
−2(t−t2)
2/T 2 , (37)
βi = β
(1)
i e
−2(t−t1)
2/T 2 + β
(2)
i e
−2(t−t2)
2/T 2 , (38)
U¯11 = U¯
(1)
11 e
−2(t−t1)
2/T 2 + U¯
(2)
11 e
−2(t−t2)
2/T 2 , (39)
χ = χ0e
−(t−t1)
2/T 2e−(t−t2)
2/T 2 , (40)
where the peak values are, respetively:
α(i) =
γA
4
∣∣∣∣∣Ω
(A,0)
i
Di
∣∣∣∣∣
2
, (41)
Γ
(i)
1 =
γ
4
∑′
v′
∣∣∣∣∣ Ω¯
(el,0)
i I1,v′
∆1v′,ωi
∣∣∣∣∣
2
, (42)
Γ
(i)
2 =
γ
4
∑′
v′
∣∣∣∣∣ Ω¯
(el,0)
i I2,v′
∆2v′,ωi
∣∣∣∣∣
2
, (43)
β
(i)
1 =
|Ω(A,0)i |2
4Di
, (44)
β
(i)
2 =
∑′
v′
|Ω¯(el,0)i I2,v′ |2
4∆2v′,ωi
, (45)
U¯
(i)
11 =
∑′
v′
|Ω¯(el,0)i I1,v′ |2
4∆1v′,ωi
. (46)
χ′0 = χ
∗
0 = −
Ω¯
(el,0)
1 Ω¯
(el,0)∗
2
2
√
2
∑′
v′
I1,v′I
∗
2,v′
∆γ1v′,ω1
. (47)
The reason for this separation is that the two terms in
eah oeient at during dierent time intervals, orre-
sponding to the rst and the seond pulse in STIRAP.
Aordingly, one has to distinguish their disruptive eet
during the duration of the orresponding pulses. For ex-
ample the moleule loss term Γ
(2)
2 ats during the rst
Raman pulse (of frequeny ω2) when the moleular eld
is not populated yet. As a result, the oeient Γ
(2)
2 is
not so disruptive. On the other hand, the moleule loss
term Γ
(1)
2 is muh more important sine it ats during
the seond Raman pulse (with frequeny ω1) when the
population of the moleular ondensate beomes high. If
the value of Γ
(1)
2 is too large, one an easily lose all this
population during the ω1-pulse.
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In order that the radiative losses and dephasing due
to light shifts be negligible over the duration of STIRAP,
the time sales assoiated with the oeients α, Γ1n1,
Γ2, and the indued relative phases must be muh larger
than the duration of pulses in STIRAP, i.e.[
α(i)
]−1
≫ T, (48)
[
Γ
(1)
1 n1
]−1
≫ T, (49)
Γ(2)1 + γ4
∣∣∣∣∣ Ω¯
(el,0)
2 I1,3
∆13,ω2
∣∣∣∣∣
2
n1
−1 ≫ T, (50)
Γ(1)2 + γ4
∣∣∣∣∣ Ω¯
(el,0)
1 I2,3
∆23,ω1
∣∣∣∣∣
2
−1 ≫ T, (51)
[
Γ
(2)
2
]−1
≫ T, (52)
∣∣∣∣∣
(
β
(1)
2 +
|Ω¯(el,0)1 I2,3|2
4∆23,ω1
)
− 2β(1)1
∣∣∣∣∣
−1
≫ T, (53)
∣∣∣β(2)2 − 2β(2)1 ∣∣∣−1 ≫ T. (54)
This will guarantee that the pulses are swithed o before
the losses and dephasings an have their disruptive eet.
The inuene of the nonlinear phase shift due to U¯
(i)
11 an
be ignored simply on the grounds of U¯
(i)
11 ≪ U11 whih is
the ase we enounter in our analysis.
In the above onditions involving the oeients Γ
(2)
1 ,
Γ
(1)
2 , and β
(1)
2 , we have inluded additional terms whih
are the ontributions from the inoherent ross-ouplings
1↔ 3 by the laser ω2 and 2↔ 3 by the laser ω1. As we
mentioned earlier, these proesses are treated expliitly
by the last terms in the rhs of Eqs. (27)-(29). However,
their overall eet an be desribed by expressions sim-
ilar to the orresponding terms in the oeients Γ
(2)
1 ,
Γ
(1)
2 , and β
(1)
2 . Therefore these additional ontributions
must be inluded in the above onditions, as they play an
important role for orret estimates of the overall degree
of disruption due to inoherent ouplings.
Our goal now is in performing a realisti analysis of the
above oeients for the
87
Rb2 moleule under onsider-
ation, and in nding appropriate target levels for the Ra-
man transitions in STIRAP so that the disruptive eets
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Figure 8: Free-bound (a) and bound-bound (b) Frank-
Condon overlap integrals, I1,v′ and Iv=35,v′ , as a funtion of
the vibrational quamtum number v′.
are minimized. This is done using the results of alula-
tion [17℄ of the dipole matrix elements, energy eigenval-
ues, and the Frank-Condon overlap integrals for model
potentials that losely approximate the
87
Rb2 ground
3
∑+
u potential and the O
−
g symmetry exited potential.
The alulation treats 205 ro-vibrational levels in the ex-
ited potential (whih we label by v′ = 0, 1, 2, ..., 204)
and 39 levels (v = 0, 1, 2, ..., 38) in the ground potential.
Within suh a large range of target levels that the Ra-
man transitions an be tuned to, several possibilities an
be readily eliminated to simplify the searh. For exam-
ple, Raman transitions via one of the highly exited levels
(v′ & 190) will suer from large values of the atomi loss
oeient α sine the detunings Di will be small, and
as a result the ondition
[
α(i)
]−1 ≫ T will not be satis-
ed. On the other hand, transitions via low exited states
(v′ . 160) will have very small values of the free-bound
Frank-Condon overlap integral, I1,v′ . 0.5×10−14 m3/2.
This in turn will result in small eetive Rabi frequeny
Ω
(eff,0)
1 (using reasonable values of the intensity of the
laser ω1 and the density n1), so that the adiabatiity
ondition Ω
(eff,0)
1 T ≫ 1 is not satised.
In general, the behavior of the oeients Γ
(i)
1 , Γ
(i)
2 ,
and β
(i)
2 is not of a trivial harater. Eah partiular
hoie of the nal state |v〉 in the ground potential whih
we designate as |2〉 will result in dierent sets of the de-
tunings of the Raman lasers with respet to ouplings
12
α(1) 51.43 s−1
α(2) 0.5398 s−1
Γ
(1)
1 3.010 × 10
−24
m
3/s
Γ
(2)
1 3.014 × 10
−26
m
3/s
Γ
(1)
2 466.7 s
−1
Γ
(2)
2 4.645 s
−1
β
(1)
1 2.948 × 10
6
s
−1
β
(2)
1 3.020 × 10
4
s
−1
β
(1)
2 5.652 × 10
6
s
−1
β
(2)
2 5.969 × 10
4
s
−1
(γ/4)
∣∣∣Ω¯(el,0)2 I1,3∣∣∣2 / |∆13,ω2 |2 7.96 × 10−25 m3/s
(γ/4)
∣∣∣Ω¯(el,0)1 I2,3∣∣∣2 /|∆23,ω1 |2 375.9 s−1
|Ω¯
(el,0)
1 I2,3|
2/(4∆23,ω1 ) 2.57 × 10
5
s
−1
χ′0 ≈ χ
∗
0 −9.25× 10
−9
m
3/2
/s
Table IV: Calulated values of the loss and light shift oe-
ients for Raman transitions tuned to the ground v = 35 and
exited v′ = 177 levels.
to dierent exited levels. Further ompliations emerge
from the osillatory behavior of the Frank-Condon over-
lap integrals, as shown in Fig. 8. This means that
the ontribution of the levels nearest to |3〉, having the
smallest detunings, may not neessarily give the leading
term in the sums over v′, sine the further detuned levels
may have larger Frank-Condon overlaps thus resulting
in omparable ontributions to the oeients. In addi-
tion, dierent terms in the expression for β
(i)
2 will depend
on the sign of the respetive detuning, so that they may
add up into either a positive or negative value of β
(i)
2 .
Thus our analysis onsists of a alulation of all the
above oeients for dierent levels |v〉 and |v′〉, and
subsequent identiation of an optimum target level that
satises the onditions (48)-(54) as losely as possible.
For eah level |v〉 ≡ |2〉 in the ground potential we san
the Raman transitions through dierent levels |v′〉 in the
exited potential, treating this as |3〉 and arrying out
the summations over the remaining levels.
The alulation is done for Ω
(el,0)
1 = 10
10
s
−1
and
Ω
(el,0)
2 = 10
9
s
−1
. To simplify the analysis we onsider
the ase of ∆1 = 0 and δ = 0, i.e. we only treat ases
when the primary Raman transition is resonant. One
the optimum level is identied, we an subsequently ne
tune the two-photon detuning δ for optimum onversion.
Provided that the order of magnitude of the optimum δ is
|δ| ∼ 104 s−1 as found in the examples of sub-setions IV.
B and C, this subsequent ne tuning will have no eet on
the results of alulation of the loss and light shift oe-
ients, sine these involve detunings∆iv′,ωj that typially
have muh larger magnitudes, |∆iv′,ωj | ≫ |δ|.
The most favorable ase that we nd orresponds to
tuning the Raman transitions to v′ = 177 in the exited
potential bound by −22.23 m−1 or −4.1903× 1012 s−1
from the dissoiation limit, and v = 35 in the ground po-
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Figure 9: (a) Optimum eetive Rabi frequenies for STI-
RAP in the multi-level model. (b) Resulting densities in the
uniform ondensates ase.
tential bound by −8.05 GHz or −5.058× 1010 s−1. The
binding energy of the level v = 35 sets up the frequeny
dierene ω2−ω1 = 5.058×1010 s−1, and the values of all
relevant detunings. The nearby levels around v′ = 177 in
the exited potential are separated by about 4.2 × 1011
s
−1
, whih is muh larger than ω2−ω1. For this arrange-
ment of the target levels, the resonant Frank-Condon
overlap integrals are equal to I1,3 = 1.05 × 10−14 m3/2
and I2,3 = 0.0228, so that the eetive peak Rabi fre-
quenies are equal to: Ω
(eff,0)
1 = 2.18 × 106 s−1, for
n1(0) = 4.3 × 1020 m−3, and Ω(eff,0)2 = 2.28 × 107 s−1.
The resulting values of alulated loss and light shift o-
eients are given in Table IV.
An important fator in minimizing the most signiant
loss oeient Γ
(1)
2 and its ousin term in Eq. (51 )
is the relatively small value of I2,3 and of the Frank-
Condon overlaps I2,v′ of the losest nearby levels. While
this is favorable for the undesired loss terms, the small
value of I2,3 also aets the strength of the bound-bound
oupling of the primary Raman transition, Ω
(eff,0)
2 =
Ω
(el,0)
2 I2,3, whih must be kept large. However, the small
I2,3-value is ompensated here by a strong bare eletroni
Rabi frequeny Ω
(el,0)
2 = 10
9
s
−1
so that Ω
(eff,0)
2 is still
large and the adiabatiity ondition is maintained.
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Using the above parameter values and simulating the
STIRAP equations with the additional terms given by
Eqs. (27)-(29), results in about 42% onversion eieny
(η = 0.42), whih is rather high and is an enouraging
result. In this simulation, the estimated optimum pulse
duration T , the pulse delay oeient α, and the two-
photon detuning δ, were taken as follows: T = 1.7 ×10−4
s
−1
, α = 1.53, and δ = 4 × 104 s−1. The eetive Rabi
frequenies and the partile number densities for this al-
ulation are given in Figs. 9 (a) and (b). We note that
these results are essentially idential whether the exat
omplex form or the far-o-resonant approximations to
the additional oeients are employed. In other words,
any oherent anellation proess via STIRAP in the ex-
tra vibrational levels, is negligible ompared to the ino-
herent losses via non-STIRAP exitation of these levels.
B. Non-uniform ondensates
The nal step in our analysis is to inlude the trap po-
tential and the kineti energy terms and simulate the full
set of oupled inhomogeneous mean-eld equations (6) in
three spae dimensions. The initial state in these simu-
lations is a pure atomi BEC, with no moleules present,
as given by the standard steady-state Gross-Pitaevskii
equation in a trap. We onsider spherially symmetri
trap potentials Vi(x) = Ei + (mi/2)ω
2
i |x|2 and hoose
the trap osillation frequenies ωi equal to eah other:
ωi/2pi = 100 Hz (i = 1, 2, 3). Inluding these terms, we
simulate Eqs. (6) assuming that the initial peak den-
sity of the atomi BEC is n1(x = 0, t = 0) = 4.3 × 1020
m
−3
at the trap enter. This orresponds to the total
initial number of atoms N1 =
∫
d3x|ψ(x, 0)|2 equal to
N1 = 5× 105.
We note that the harateristi time sale assoiated
with the trap potential an be estimated as tω = 1/ω ≃
1.6 × 10−3 s. The time sale assoiated with the ki-
neti energy term is estimated from the `healing' length
lh ∼
√
~th/m1 whih orresponds to a healing time
sale of th. Under adiabati onversion of an equilibrium
(Thomas-Fermi like) atomi BEC, this healing time sale
oinides with the dephasing time tph assoiated with the
mean eld energy potential and disussed before. Both
these time sales (tω and th) are longer than the dura-
tion of pulses in STIRAP we employed earlier. Therefore,
addition of these terms an not dramatially hange the
results and onlusions obtained above for uniform on-
densates.
To show this we rst onsider the idealized three-level
model with parameter values given in Tables I and II,
i.e. the ase of equal and relatively strong eetive Rabi
frequenies. The results of simulations of Eqs. (6) are
shown in Figs. 10 and 11, where we see a rather high
onversion eieny η ≃ 0.91. This should be ompared
with the uniform ondensates result of Fig. 3.
Next, we onsider the ase of more realisti parameter
values (lower Rabi frequenies), and inlude the eets of
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Figure 10: Densities ni(x, t) = |ψi(x, t)|
2
of the atomi (a)
and moleular (b) ondensates in a trap as a funtion of time
t and the radial distane r = |x| from the trap enter. The
applied pulses are as in Fig. 2, and other parameter values
are given in Tables I and II. The result is for the idealized
three-level model.
inoherent radiative losses and dephasings as desribed in
the previous sub-setion. Using the alulated values of
all relevant parameters for the Raman transitions tuned
to v′ = 177 and v = 35, and adding the trap potential
and kineti energy terms to the earlier Eqs. (27)-(29), we
simulate the proess of STIRAP governed by the result-
ing full set of mean-eld equations in three dimensions:
∂ψ1(x, t)
∂t
= i∆GP1 ψ1 +
iΩ∗1√
2
ψ3ψ
∗
1
−α
2
ψ1 + iβ1ψ1 − Γ1
2
|ψ1|2 ψ1 + iU¯11 |ψ1|2 ψ1
−iχψ∗1ψ2 + i
(Ω¯
(el)
2 I1,3)
∗
√
2
e−iω12tψ∗1ψ3, (55)
∂ψ2(x, t)
∂t
= i∆GP2 ψ2 +
iΩ∗2
2
ψ3
−Γ2
2
ψ2 + iβ2ψ1
−iχ
∗
2
ψ21 + i
(Ω¯
(el)
1 I2,3)
∗
2
eiω12tψ3, (56)
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Figure 11: Integrated oupation numbers Ni(t) =∫
dx |ψi(x, t)|
2
of the atomi (solid line) and the moleular
(dashed line) elds as a funtion of time t, for the parameter
values of Fig. 10.
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Figure 12: Same as in Fig. 11 but for the parameter values of
the omplete multi-level model and a three-dimetional trap
geometry. The resulting onversion eieny an be om-
pared with the uniform ondensates ase of Fig. 9 (b).
∂ψ3(x, t)
∂t
= i∆GP3 ψ3 +
iΩ1
2
√
2
ψ21 +
iΩ2
2
ψ2
+i
Ω¯
(el)
2 I1,3
2
√
2
eiω12tψ21
+i
Ω¯
(el)
1 I2,3
2
e−iω12tψ2. (57)
We swith on the sequene of two Raman pulses, as
shown in Fig. 9, orresponding to: Ω
(eff,0)
1 = 2.18× 106
s
−1
, Ω
(eff,0)
2 = 2.28 × 107 s−1, T = 1.7 ×10−4 s −1,
and α = 1.53. The values of T and α, together with
the hoie of the two-photon detuning δ = 4 × 104 s−1,
orrespond to the optimized set of parameters as in Table
III and are obtained for v′ = 177 and v = 35 levels
using Ω
(el,0)
1 = 10
10
s
−1
and Ω
(el,0)
2 = 10
9
s
−1
. The
orresponding values of all other relevant oeients are
given in Table IV and II, while the spontaneous deay
rate is γ = 7.4×107 s−1, as before. The optimum value of
δ aounts for nonzero values of the light shift oeients
βi, so that the atual detuning to be optimized using the
Table III is the overall eetive detuning δ˜ = δ+β2−2β1.
The results of simulations with this set of parameter
values are given in Fig. 12 where we plot the total o-
upation numbers in the atomi and moleular BECs as
a funtion of time. The obtained onversion eieny is
η ≃ 0.32. This is 10% lower than the eieny in the
orresponding homogeneous ase of Fig. 9, but still is a
rather enouraging result given the fat that 32% onver-
sion of about 5× 105 atoms would give a moleular BEC
with the total of 8 × 104 moleules, with a peak density
of about 1020 m−3.
VI. SUMMARY
To summarize, STIRAP is a potential route towards
the oherent onversion of an atomi to a moleular BEC.
This proess involves stimulated emission of moleules,
and is very dierent to normal hemial kinetis. As
suh, it is a form of `superhemistry' [1℄. STIRAP in
an atomi BEC an be treated in a very similar way to
normal STIRAP, by introduing an eetive Rabi fre-
queny for the rst photo-assoiation transition. A po-
tential diulty is the relatively low values of the eetive
Rabi frequeny in the rst or photo-assoiation transi-
tion. This an be regarded as physially due to the low
densities of atoms in a typial weakly interating BEC,
ompared with atoms in a moleule. This means that
the orresponding Frank-Condon oeient, after mul-
tiplying by the relevant BEC amplitude, has a very small
value. Thus, the laser intensities required may be quite
high, in order to obtain Rabi frequenies omparable to
those used in atomi transitions.
This by itself is not ritial, sine deep in the adiabati
limit it is normally permissible to use low Rabi frequen-
ies, as long as the assoiated time-sales are long enough.
From this point of view, the use of STIRAP, and onse-
quent redution of spontaneous emission, is a physially
sensible idea. However, inluding s-wave sattering or
mean-eld proesses into the model for STIRAP sets up
a harateristi two-photon dephasing time sale, so that
the pulse durations in STIRAP have to be shorter than
a ertain ritial value. Short pulse durations neessar-
ily involve high values for the eetive Rabi frequenies
in the usual symmetri ase of Ω
(eff,0)
1 = Ω
(eff,0)
2 , thus
requiring a very high laser power for the rst transition
- if the adiabatiity ondition is to be maintained.
In order to ease this demanding requirement and be
able to ahieve highest possible onversion eieny at
smaller total laser power, we propose to use an o-
resonane operation (thus anelling part of the mean-
eld detuning eet) and eetive Rabi frequenies
Ω
(eff,0)
1 and Ω
(eff,0)
2 of dierent magnitudes. This has
the eet of dramatially inreasing oherent moleule
prodution, in a physially aessible regime of mod-
erate laser intensity. Further improvements may be
possible by tailoring the input pulse frequenies to the
time-dependent two-photon detuning, aused by inter-
atomi and intermoleular sattering. We have arried
out mean-eld alulations in three dimenisons to verify
15
that trap inhomogeneity should not have adverse eets
on the STIRAP proess.
Finally, we stress the importane of radiative losses
and dephasing due to inoherent proesses that our
during STIRAP. These proesses are usually assumed
to be negligible in ordinary STIRAP between purely
atomi or moleular states. In the present ase of oupled
atomi/moleular BECs, this assumption an not be eas-
ily justied sine the free-bound transition typially in-
volves a relatively low eetive Rabi frequeny, whih ne-
essitates long pulse durations. Instead, we nd that the
inoherent ouplings an be rather destrutive unless spe-
ial are is taken to minimize their eet. This involves
detailed knowledge of the struture of the free-bound and
bound-bound transitions and subsequent identiation of
optimum target levels in STIRAP, so that the overall on-
version eieny remains omparable to the preditions
of the simplied three-level model.
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